In this work, a comprehensive, TCAD based design approach for mmWave (mmW) GaN HEMTs is presented. Unique trade-offs between epi-layer design and HEMT's mmW performance are discussed. Effect of surface states on cut off frequency is modeled and presented. We have found that carrier trapping by the donor type interface states causes RF performance drift at high drain fields, which particularly leads to the non-linear behavior of mmW HEMTs at high drain bias. Moreover, we have observed that channel electrostatics, barrier layer, and UID GaN channel design govern the linearity and scaling behavior of such GaN HEMTs. To improve channel electrostatics, which improves the linearity and cut-off frequency, a partially recessed barrier under the gate is studied. A relative study of AlN/GaN HEMT and AlGaN/GaN HEMTs is performed to investigate the nonlinearity behavior. In addition, the dependence of cut-off frequency on contact resistance and lateral scaling is studied for partially-recessed barrier and conventional design for both AlN and AlGaN barrier types. The mmW performance is found to be a strong function of barrier design in the gate and recess regions. Unique design trends and physical behavior was observed for AlN and AlGaN barriers, which signifies that design guidelines derived for one epi-stack can't be deployed to the other. INDEX TERMS AlGaN/GaN, AlN/GaN, TCAD, HEMT, device simulation, RF HEMT, device design, non-linearity. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020 33
I. INTRODUCTION
While GaN HEMT has emerged as an alternative to InP and GaAs technologies for mmW applications, there are limited reports on the design of mmW HEMTs. Design guidelines for mmW HEMTs to maximize performance and improve linearity behavior is hardly existent in the literature. Attributed to a number of design/technology/growth parameters to engineer, the design of such RF HEMT has become a multi-dimensional engineering problem, which is non-trivial to address from the experimental design of experiments. The evolution of Silicon RF technology has demonstrated the advantage of TCAD based co-design approach for engineering complex device architectures [1] . A TCAD based approach to design and engineer RF power devices, depending on the application-specific requirements, significantly saves device design time, as well as offers improved system performance. This eventually brings down the cost and time to market while potentially maximizing the performance beyond set limits.
While there have been limited efforts to develop TCAD based design approach [2] - [9] , the same however is largely non-existent for mmW HEMTs. Optimization studies related to field plated devices by Karmalkar and Mishra [2] , were only limited to the design of field plate for maximizing breakdown voltage. In another work, Medjdoub et al. [3] correlated 2DEG density (n s ) with AlInN/GaN HEMT barrier layer scaling. Saito et al. [4] carried out TCAD based studies to analyze the effect of contact on the breakdown voltage of AlGaN/GaN HEMT. Moreover, TCAD computations have been used to carry out R ON − V BD optimization [5] , [6] & mitigate drain−to−source punch through [10] . Joshi et al. presented a computational modeling approach for HEMTs in general [7] and physics of Carbon doping [8] , [9] . While these works independently address one or the other parameters to enhance DC or breakdown performance, there is no report on the approach for maximizing RF figures of merit parameters of HEMTs for mmW applications, while accounting for design − performance − nonlinearity tradeoffs. At the RF front there have been only a few reports on TCAD modeling of GaN HEMTs, limited to large signal analyses [11] , [12] . There is however no report on detailed small-signal modeling of RF HEMT devices for mmW applications. In this paper, we have also investigated the RF performance of a partially recessed architecture by carrying out thorough comparative analyses of design parameters such as barrier type, lateral scaling, and contact resistance for both AlN and AlGaN barriers. The previous reports on partially recessed HEMT for RF applications experimentally demonstrate the improvement in transconductance [13] , [14] . However, it's correlation with other design aspects is missing. The goal of this work is to bridge the existing gap and develop deeper understanding of RF HEMT device design to push the performance for mmW applications.
This work attempts to address this gap. The manuscript has been arranged as follows: Section II presents a design strategy for RF HEMT design. Section III summarizes the computational framework used in this work, whereas Section IV uses the developed approach and design insights to understand the impact of buffer and channel layers on the mmW performance. Section V discusses the design parameters-barrier layer, surface states and drain induced nonlinearity. A partially recessed HEMT has been modelled and studied in Section VI. Finally, Section VII concludes this work.
II. TCAD-DESIGN STRATEGY FOR RF HEMTS
The device cut off frequency (f T ) is the measure of maximum frequency at which device current can be effectively modulated by the gate and is given as [16] :
where C gs and C gd are gate to source and gate to drain capacitance, respectively, g m is transconductance, g d is output conductance, and R s and R d are source and drain resistances, respectively. The expression represents total delay corresponding to carrier transport in the device. It can be classified into 3 components-intrinsic delay, parasitic delay, and extrinsic delay. It is critical to understand the contribution of each delay component for improving the frequency performance of the device. While the intrinsic and extrinsic delays are governed by device transconductance (g m ) and capacitances (C gs and C gd ), the extrinsic delay is a function of device parasitic resistance (R s , R d ) and output conductance (g d ).
The RF design mandates to address challenges such as-how does the contribution of delay components change with physical parameters and bias conditions? What are the trade-offs associated with it? The device nonlinearity performance is another key design aspect, for the device to function at large signal operating conditions. In addition to electrostatics in the channel, nonlinearity in short channel devices is also affected by intrinsic resistivity of the buffer region, which is defined by unintentional doping during epi-growth. Surface states in HEMT play a significant role in determining DC as well as the RF performance of the device. The device co-design design approach can greatly help in predicting the physical behavior by modeling the impact of surface traps on the cut-off frequency of the device. We have also observed that the contact resistance dependency on cut-off frequency is co-related to HEMT design. Earlier works reporting record high cut-off frequencies [15] , [17] , [18] have often compromised in terms of breakdown voltage, leading to breakdown voltage and cut-off frequency product always below theoretical limits. A well-framed co-design approach is required to thoroughly engineer design while exploring various trade-off and inter-dependencies of parameters. In this work, the product of breakdown voltage and cut-off frequency (V BD .f T ) is taken as a figure of merit while presenting the said co-design approach.
III. COMPUTATIONAL FRAMEWORK
For TCAD simulations, a well-calibrated TCAD setup has been used. Details of the computational framework used are presented in earlier works [7] - [9] . The device structure used for the investigation is shown in Fig. 1(a) , adopted from the report by Shinohara et al. [15] . The simulation setups for the small signal as well as DC operation are calibrated with the experimental results [15] as shown in To summarize, polarization at all the heterointerfaces is considered for accurately estimating the energy band profile, 2-dimensional electron gas (2DEG) density and for accounting surface charge. The impact of surface and buffer traps is also captured in this study to get insights and precise estimation of breakdown voltage and frequency performance. Contacts are physically modeled as Schottky interfaces, as explained in detail in [7] . Carrier transport [7] accounts for both carrier as well as lattice heating by enabling hydrodynamic and thermodynamic transport models. Finally, gate leakage due to Fowler-Nordheim tunneling and Poole-Frenkel tunneling is also considered. C-doping induced buffer traps and resulting avalanche behavior has been accounted to predict breakdown voltage [8] , [9] . Breakdown simulations are performed using an impact ionization model according to Chynoweth law [19] with the critical electric field for GaN as 3 MV/cm. The breakdown voltage is calculated by considering the drain current limit of 1mA/mm while applying off-state stress at the gate. To study the impact of C-doped buffer, a compensating doping profile is considered in the buffer layer as modeled in our earlier works [8] , [9] . The acceptor and donor type trap concentrations are taken as 10 18 cm −3 and 5 × 10 17 cm −3 respectively. The carrier scattering due to the presence of C-dopant atoms is accounted for in the simulations according to Masetti Model [20] . The source to gate distance (L sg ) = 40nm, gate to drain distance (L gd ) = 40nm and gate length (Lg) = 20nm are used unless specified otherwise.
IV. DESIGN OF BUFFER AND CHANNEL LAYERS A. GAN BUFFER DESIGN
GaN Buffer is a key parameter for high voltage device applications. However, the buffer has not been considered a critical design aspect for RF HEMT devices. Carbon-doped buffer is employed for the majority of the high voltage HEMT stacks. It consists of a Carbon doped GaN layer sandwiched between channel and UID buffer regions. It is well known, C doping mitigates the buffer leakage current at higher drain bias voltage and improves the breakdown voltage of the device. For RF applications, it is imperative to optimize the buffer and channel thickness as C doping can influence the 2DEG concentration and channel mobility, affecting the cut-off frequency of the device. Here two critical design parameters channel thickness (t Channel ) and C-doped buffer thickness (t Buffer ) are studied as follows.
A.1. ROLE OF C-DOPED BUFFER
In order to study the impact of C-doped buffer thickness, the channel thickness is kept constant at 150nm and the device RF characteristics are studied as a function of C-doped buffer thickness (t Buffer ). As observed in Fig. 2(a) , buffer thickness does not affect the RF performance significantly as the lateral transport properties of the device are not perturbed if C-dopants are deep into the buffer region, away from the active channel. The parasitic capacitances are independent of the buffer thickness as deeply situated C-doped buffer does not participate in channel charging or discharging.
A.2. ROLE OF CHANNEL THICKNESS
The channel thickness (t Channel ) determines the distance of the C-doped buffer layer from the 2DEG channel. The C dopants introduce acceptor type traps that limit the spreading of hot carriers into the buffer region at high drain bias. It leads to a reduction in output conductance, but at the same time due to carrier trapping, the effective 2DEG concentration also falls as depicted in Fig. 2(b) . Besides, increased carrier scattering due to Carbon dopants further degrades the on-state performance of the HEMT. All these factors are imperative to RF device performance. Improvement in f T is observed initially as the channel thickness is increased ( Fig. 2(a) ). It can be attributed to reduced carrier scattering and channel depletion, which in turn improves the on-state characteristics of the device. Hence higher 2DEG concentration is the key factor for improved cut-off frequency in HEMT. It should be noted that further increasing the channel thickness beyond 60nm, the output conductance starts to dominate and ceases any improvement in f T .
Another desirable critical aspect of an RF device is having a fixed cut-off frequency over a large gate swing. It is observed that the nonlinearity with gate voltage increases significantly with decreasing channel thickness as shown in Fig. 3(a) . The lower 2DEG density as a result of carrier trapping degrades the device transconductance as depicted in Fig. 3(b) . The fall in g m is responsible for a steeper f T roll-off as a function of gate bias below a critical channel width. Hence it is imperative to optimize the channel layer to achieve high breakdown voltage in conjunction with good linearity characteristics.
B. HOW CRITICAL IS BACKGROUND DOPING OF CHANNEL?
High unintentional doping (UID) in GaN buffer results in parasitic conducting paths and are responsible for drain to source leakage current. It lowers the breakdown voltage by providing excess carriers for early impact ionization. Leaky channel causes the hot electrons to spread out of the channel, deteriorating the carrier confinement. The increased output conductance decreases the total drain current available for charging the channel capacitance, which introduces an additional delay component. It is also evident by the fall in transconductance at higher doping concentrations as shown in Fig. 4(a) . This eventually leads to reduction in f T as depicted in Fig. 4(b) . The effect of UID is more pronounced for short channel devices. The increased parasitic coupling between the gate and drain results in further degradation of f T .
V. BARRIER LAYER DESIGN, SURFACE STATES AND DRAIN FIELD INDUCED NON-LINEARITY A. SURFACE STATES AND NON-LINEARITY
2DEG in HEMT is very sensitive to surface states. To study this effect, the virtual gate concept [21] was applied. The virtual gate formation is attributed to the trapping of electrons in the surface states leading to a decrease in net positive charge on the surface. This charge trapping phenomenon is particularly dominant at large signal device operation. The RF devices operate in the saturation region, resulting in depletion near the drain side of gate edge to support the high drain bias. The resultant field at the gate generates hot carriers, that may ionize the surface traps and deplete the 2DEG in the localized region. To emulate this behavior, the surface states up to the length L Trap from the gate edge, are deionized as illustrated in Fig. 5(a) inset. Surface traps were allowed to ionize starting from the drain side of the gate edge, as a function of the drain field, which gradually extended towards the drain as the lateral field increased. At higher drain bias, the high energy channel electrons or hot electrons get trapped by the donor states present at the surface of the barrier. This is enhanced by the high electric field at the gate edge and aids in virtual gate formation. Consequently, the 2DEG charge in the channel region depletes in proportion to trapping at the surface as shown in Fig. 5(b) . The rate of carrier trapping or virtual gate extension is determined by the surface trap concentration, characteristics, and electric field in the channel. Higher trapping rate at the surface leads to extended depletion of the 2DEG in channel, as a consequence the gate to drain region resistance increases. It translates to added drain delay, resulting in a slower device response at high frequencies. Cut off frequency behavior studied as a function of distance L Trap , shows substantial degradation with virtual gate length, as depicted in Fig. 5(a) , which is expected to significantly add to nonlinearity as a function of the drain field.
The characterization technique for the measurement of depletion width extension because of surface trap ionization is reported in the literature [22] . The series of floating gates have been used to capture the trap ionization length as function of gate bias. However, the reported technique is valid for off-state device characterization, where the surface trap ionization only due to gate injected carrier is accounted. In RF operation, the device operates in saturation region, resulting in depletion near drain side of gate edge. One method to capture this by calculating the depletion region length as function of drain bias by employing drain delay extraction model as proposed in [23] . This technique, however, does not isolate the impact of surface traps and drain bias in extension of depletion region. We propose to employ this method in a passivated device or device under UV exposure. It can help to suppress the impact of surface traps, and the true drain delay contributed by applied drain bias can be measured. By subtracting it from the total delay time of device measured without passivation or without UV exposure, can predict the contribution of surface trap in total delay. Further experiments need to be carried out to confirm the hypothesis.
B. BARRIER LAYER DESIGN AND DRAIN FIELD INDUCED F T DRIFT
The barrier layer is a vital design aspect, which controls the key device performance parameters such as transconductance, gate leakage, 2DEG sheet density and device linearity at high-frequency operation. AlGaN and AlN are the barrier layer materials that have been adopted for RF HEMT devices. In this section, we have analyzed the RF performance of the devices with aforementioned barrier types. The comparative study of the impact of gate length scaling in both types of devices is depicted in Fig. 6(a) . The AlN barrier offers better cut-off frequency compared to the AlGaN barrier device owing to higher polarization induced sheet density. In addition, the barrier thickness of 3.5nm used in this study for AlN barrier is sufficient to induce sheet charge density in excess of 1 × 10 13 cm −2 unlike the AlGaN barrier, in which case the barrier thickness of 25nm is employed for similar 2DEG concentration. The reduced gate to channel distance, significantly amplifies the transconductance of the device, leading to high cut-off frequencies.
However, the cut-off frequency rolls-off as a function of gate length, and the effect is much severe for the AlN barrier as shown in Fig. 6(a) . It can be explained by examining the total gate capacitance (C gg = C gs + C gd + C channel ) for both the devices. The C channel is higher for the AlN barrier due to a relatively thin barrier. However, the remaining component of C gg consists of the parasitic capacitances (C gs +C gd ), which results in lowering of the cut-off frequency. Fig. 6(b) clearly predicts the increase in parasitic capacitance with gate length for both AlGaN and AlN barrier devices. The parasitic capacitances, however, increase at a much higher rate in the AlN barrier device with a slope of 0.95 compared to 0.35 for that of the AlGaN barrier. Similar to the channel capacitance, the parasitic capacitance is also a function of barrier thickness, dielectric constant and 2DEG density. Hence, the parasitic capacitance rises at a much faster rate in the AlN barrier, resulting in poor frequency response for long channel devices. RF performance drift with drain voltage for short channel length device depicts the increased nonlinearity. It is observed for AlN as well as AlGaN barrier HEMT devices as shown in Fig. 7(a) and (b) respectively. This can be explained as follows. As the drain field is increased, carriers drift with higher velocity, which improves the transconductance of the device. It translates to higher cut-off frequencies until velocity saturation is reached. With further increase in drain voltage, the depletion region below the gate extends towards the drain, to support additional electric field. This in-turn gives rise to additional carrier transit time that is characterized by drain delay. For short-channel devices drain delay was observed to be significantly increased at higher drain voltages, which lowers the cut-off frequency and adds to nonlinearity.
As discussed above, nonlinearity is a direct consequence of short-channel effects in HEMT, which arises due to poor gate control. The barrier thickness plays a decisive role in gate charge modulation. It is imperative to maintain good electrostatics in the gate region to avoid short channel effects for smaller gate lengths. Fig. 8(a) and (b) depict the cut-off frequency dependence for AlN and AlGaN barriers at varying gate lengths. It is noted that devices show significantly less degradation in f T as a function of barrier thickness with the AlN barrier compared to the AlGaN barrier device. Below a critical barrier thickness, f T roll-off is attributed to incomplete surface trap ionization that results in low 2DEG in the channel. However, the critical thickness for the AlGaN barrier is much higher compared to the AlN barrier as shown in Fig. 8(a) and (b). It enables much larger aspect ratio (
in AlN/GaN HEMT devices. The impact of barrier layer on the device linearity can be described as follows.
For the short gate length below 100 nm, the lateral electric field becomes dominant and the vertical electric field component starts diminishing. This results in poor gate controllability and lower gate modulation efficiency, which collectively degrade the cut-off frequency performance as depicted in Fig. 8(a) and (b) for AlN barrier and AlGaN barrier respectively. Hence to mitigate the short channel effects and nonlinearity behavior, it is essential to enhance the vertical electric field, which can be achieved by top barrier layer scaling. As discussed above due to the properties of the AlN barrier, the barrier width can be scaled down to 2nm. It allows wider design windows for AlN/GaN RF HEMT design for given specifications as evident from the f T .L g (GHz.μm) product in Fig. 8(c) . For a smaller aspect ratio, the short channel effects dominate, deteriorating the RF performance. Hence, barrier layer scaling is a critical design aspect when the gate length is shrunk to maximize the cut off frequency without compromising with device linearity.
VI. PARTIAL RECESSED GATE HEMT FOR IMPROVED MMW PERFORMANCE AND NON-LINEARITY
As discussed earlier, to maximize cut-off frequency without compromising the linearity of the device, the barrier layer, and channel length must be scaled simultaneously. Barrier layer scaling, however, has an adverse impact on the device's ON state performance due to reduced 2DEG concentration in channel. Besides, it also amplifies the virtual gate effect, which can increase the nonlinearity contributed by drain field-dependent ionization of surface states. We propose a partially recessed gate stack design, as depicted in Fig. 9(a) , to recover the device's ON-state performance, improve RF performance and the linearity behavior. Fig. 9(b) shows the cut-off frequency (f T ) of the partially recessed design. Here the AlN barrier layer below the gate is etched to have a reduced thickness of 2nm, whereas the thickness of the barrier layer in access/drift regions is increased. Fig. 9(b) shows that g m and as a result of which f T improves when the barrier thickness in the access/drift regions is increased, owing to improved R ON and ON current. The partial gate recess ensures better gate control and optimum electrostatics in the channel, which mitigates short channel effect induced nonlinearity. The access and drift region resistance is determined by the 2DEG density in these regions. As the barrier thickness is well above the critical thickness, the un-etched barrier regions do not suffer from high resistivity. This, in combination with the lateral scaling result in high cut off frequency. It is worth highlighting that an improved DC performance results in higher power density at a given frequency. The optimized design offers both -improved frequency performance and power density. Fig. 10 shows the added advantages of partial recess gate stack design in terms of maximizing RF performance by device scaling. Here the partially recessed design is implemented for both AlN and AlGaN barrier with recess thickness of 2nm (t Barrier,AlN = 3.5nm) and 10nm (t Barrier,AlGaN = 25nm) respectively. The performance of standard design (unrecessed) is also evaluated while scaling the lateral design parameters.
A. LATERAL DEVICE SCALING
Figs. 10(a)-(c) and (e)-(g) show significant improvement in cut-off frequency for partially recessed gate design while scaling the lateral device dimensions -source to gate spacing (L sg ), gate length (L g ) and gate to drain distance (L gd ). Although the cut-off frequency for the AlN barrier is higher compared to the AlGaN barrier, the relative improvement in f T from standard to the partially-recessed device is significant in AlGaN HEMT. It is ascribed to deeper localized barrier etching below gate in case of AlGaN barrier compared to the AlN barrier, therefore higher relative increase in transconductance in AlGaN/GaN devices. It is worth observing that the short channel effects as results of lateral scaling are considerably suppressed in the AlN barrier and recessed device designs. It corroborates with the earlier discussion on the importance of better electrostatic control in the gate region. The short channel effects are dominant in standard AlGaN barrier design as evident by Fig. 10 (e)-(g). The recessed architecture effectively mitigates the non-uniform field distribution in the channel by improving the aspect ratio ( L g t Barrier ).
B. ROLE OF S/D CONTACTS
It is desirable to minimize the ohmic contact resistance to reduce the external parasitic delay in the device. However, the impact of contact resistance needs to be studied from the device design perspective. There are several questions that have to be addressed for instance -In what conditions the contact resistance becomes an indispensable parameter so that the techniques such as regrowth must be used to maximize the performance? Does the contact resistance have any dependence on the barrier type or device architecture? We have performed a systematic study using simulations to understand the role of contacts on cut-off frequency. Both AlN and AlGaN barrier architectures have been analyzed with varying contact resistance. In addition, the device designs-standard and partially recessed barrier are simulated and the cut-off frequency behavior is shown in Fig. 10(d) and (h) for AlN and AlGaN barrier respectively. Following observations can be made from the results: (1) the increase in f T for AlN barrier is higher compared to AlGaN barrier design, (2) devices with low drift region length (L gd = 40nm), show strong dependence on contact resistance, (3) for high drift region length (L gd = 1μm) devices, the cut-off frequency dependence decreases significantly, (4) the recessed devices show rapid improvement in cut-off frequency as contact resistance is reduced compared to standard barrier architecture, These observations are interpreted as follows.
AlN barrier, accounting for higher polarization charges, induces larger 2DEG compared to the AlGaN barrier. It signifies, that the ratio of R on R contact is considerably higher in the AlGaN barrier compared to the AlN barrier design. Any improvement in contact resistance, thus has a larger contribution in the reduction of parasitic resistance in the case of the AlN barrier, as observed in Fig. 10(d) and (h) . Similarly, increasing the drift length (L gd ) results in high R on R contact ratio. It reduces the sensitivity of the cut-off frequency on contact resistance. In the case of the recessed device, the impact of contact resistance is considerable compared to the standard barrier device. Comparing the transconductance of the two architectures with varying contact resistance reveals that for partially recessed design, improvement in g m with decreasing contact resistance is substantial compared to standard architecture as depicted in Fig. 11(a) . Due to a positive shift in threshold voltage, the gate bias voltage at which f T peaks shifts to positive in case of partially recessed HEMT. At their respective f T,max bias voltages, the partially recessed device has higher drain current as shown in Fig. 11(b) . It translates to low R on R contact ratio for partially recessed architecture as discussed above, hence higher cut-off frequency at low contact resistance is observed.
To summarize, Fig. 12 compares the AlN/GaN HEMT device's RF figure of merit parameters of the three device structures − partially recessed gate structure (t recess = 2nm) and standard structures with a barrier thickness of 3.5 nm and 2 nm. It shows that the optimized partially recessed gate design outperforms the other two standard designs in terms of all the RF performance FOM parameters.
VII. CONCLUSION
Using a physics-based computational modeling framework, design guidelines for AlGaN/GaN and AlN/GaN HEMTs have been presented to improve it's mmW performance and linearity behavior. The impact of surface traps on the HEMT's mmW performance is studied. We have found that the spread of ionized surface traps across the GaN surface, above the drift region, increases with the drain field. This was found to add serious non-linearity in HEMT's RF behavior. Cut-off frequency roll-off in devices with aggressive gate scaling was attributed to short-channel effects and poor gate electrostatics. This in conjunction with drain fielddependent surface trap ionization magnified non-linearity. The AlN/GaN HEMT devices were found to have better linearity characteristics compared to AlGaN/GaN HEMT at large drain bias and sub 100nm channel lengths. It was found that the key to improve mmW performance and reduce nonlinearity was improved electrostatics in the channel. This was achieved by demonstrating a partially-recessed gate design. Moreover, compared with standard (non-recessed gate) design, improvement in RF performance was found to be higher in AlN/GaN HEMT and partially-recessed barrier design in conjunction with lateral device scaling and contact resistance reduction. Physical insights to explain these trends have been developed. Finally, the computational modeling based device design approach has demonstrated the potential to achieve higher f T .V BD product for mmW HEMTs, when compared to conventional designs.
